UPGMA analysis, principal component analysis, genetic diversity analysis and genetic distance analysis of RAPD data were used to assess the extent of host specialization in 50 isolates of S. homoeocarpa from five turfgrass hosts. In UPGMA analysis and principal component analysis, the occurrence of host specialization was not readily apparent based on visual inspection. Genetic diversity analysis showed significant differentiation among isolates from different host species (G ST ¼ 0·34, P < 0·001). The strongest evidence for some degree of host specialization came from the statistical analysis of genetic distances among isolates. By grouping pairwise genetic distances between isolates based on their host species, and analysing for average distance within the same host species and among different host species, it was found that the average distance within species was less than among species (P < 0·0001). An analysis of molecular variance of the genetic distances among isolates found that 32·3% of the total variation was attributable to host species. It is concluded that these isolates of S. homoeocarpa showed a weak level of host specialization, which was not readily apparent by UPGMA or principal component analyses, but was revealed by genetic diversity analysis and statistical analysis of genetic distances among isolates. Inoculation tests on different host species and tests using a greater number of isolates are required to confirm the extent of specialization.
Introduction
Sclerotinia homoeocarpa causes dollar spot disease of turfgrass. The fungus is widely distributed in North America, Europe and Australasia. In addition to turfgrass species of the southern temperate zones, it affects most of the major northern turfgrasses (Couch, 1995) , including annual bluegrass (Poa annua), creeping bentgrass (Agrostis palustris), Kentucky bluegrass (Poa pratensis), perennial ryegrass (Lolium perenne), red fescue (Festuca rubra) and tall fescue (F. arundinacea). In Great Britain, which is the only source of reports of fertile apothecial and ascospore production (Bennett, 1937; Jackson, 1973; Baldwin & Newell, 1992) , the disease is restricted to F. rubra of sea-marsh origin (Smith et al., 1989) .
Sclerotinia homoeocarpa attacks foliage of live grasses and causes distinctive lesions on leaf blades. Multiple lesions on adjacent plants produces disease patches less than 5 cm across on turfgrasses maintained at low heights (< 2·5 cm). The disease is prevalent from June to September in the Great Lakes region of North America, where it is the most common disease of turfgrasses (Vargas, 1994) . Physiologically specialized races of S.
homoeocarpa are known to exist for traits such as fungicide resistance (Golembiewski et al., 1995; Hsiang et al., 1997) , but little is known about pathogenic specialization in this species. Hsiang & Mahuku (1999) found that isolates of S. homoeocarpa from annual bluegrass and creeping bentgrass in Ontario showed genetic differences, but there was no strong clustering of genotypes in UPGMA (unweighted pair group arithmetic average) analysis of RAPD (random amplified polymorphic DNA) and IGS-RFLP (intergenic spacer restriction fragment length polymorphism) data. They suggested that the high genetic similarity between isolates reflected a small founding population for Ontario, and that both clonal propagation and recombination were important in the population structure of this pathogen. Hsiang & Mahuku (1999) also looked at eight isolates of S. homoeocarpa from three different hosts in Kagawa, Japan, and did not find any specialization by host species. Raina et al. (1997) studied isolates of S. homoeocarpa from across the USA using RAPD markers. Isolates from different host species did not cluster together and, even within a site, isolates from the same host species did not always group together. These studies examined genetic variation in S. homoeocarpa at the cross-continental level (Raina et al., 1997) and within regional populations (Hsiang & Mahuku, 1999) , but they were not specifically designed to test for host specialization in S. homoeocarpa.
The purpose of this work was to investigate the genetic differences among isolates of S. homoeocarpa from different host species in a limited area to assess the extent of host specialization. A methodological objective was to examine whether different analyses of RAPD data would reveal the same extent of host specialization.
Materials and methods

Isolates
A target of at least 10 isolates of S. homoeocarpa per turfgrass species was set for the initial collection. Most samples were collected between 1995 and 1997 throughout the growing season. Isolates were collected in southern Ontario from two main locations, a research station at Cambridge and a golf course at Guelph, which lie within 15 km of each other. Samples of grass showing symptoms typical of dollar spot were collected from each site in a nonsystematic pattern. Attempts were made to collect specimens that were at least 2 m apart, and only one isolate was retained per collection spot. Samples were brought back to the laboratory, stored at 4ЊC, and isolations were made within 2 months. Where the host species could not be determined with certainty, the samples were discarded. Fungi were isolated from each sample according to the method described by Cole et al. (1967) and confirmed as S. homoeocarpa by comparison with known isolates. Features such as cultural morphology (fluffy white) and fast growth rate were key criteria in identification. Serial transfers from the active growing margin of colonies were made at least twice to ensure purity of an isolate, and isolates were maintained on potato dextrose agar (PDA). Fifty isolates of S. homoeocarpa were used in this study.
DNA extraction
DNA was extracted from the isolates following the method of Raeder & Broda (1985) , with some modifications. A 5-mm-diameter plug of mycelium from the active growing margin of an isolate was placed onto a cellophane membrane on top of PDA. After one week of growth, the culture was harvested and placed into a 1·5-mL tube. Liquid nitrogen was added to each tube and the fungal tissue ground using a disposable pellet pestle (Kontes, Vineland, New Jersey, USA). After grinding, 400 L of extraction buffer (200 mM Tris-HCl, pH 8·5, 250 mM NaCl, 25 mM EDTA, 0·5% SDS) were added. DNA was then extracted with phenol-chloroform and subsequently precipitated with isopropanol (Sambrook et al., 1989) . The pellet was washed with 70% icecold ethanol, and later dissolved in TE (10 mM Tris-HCl, pH 8·0, 1 mM EDTA). DNA was quantified by comparison with the Lambda DNA-HindIII digest marker (Pharmacia, Baie d'Urfé, Québec, Canada) run out on a 2·0% agarose gel stained with ethidium bromide.
RAPD analysis
To detect genetic variation, RAPD primer set #2 (primers 101-200) from the Biotechnology Laboratory (University of British Columbia, Vancouver) was screened with four Ontario isolates. The following five primers were selected on the basis of reproducible banding patterns and used throughout the study: P-132
and P-195 ¼ 5 0 -GATCTCAGCG-3 0 . DNA was amplified in a Perkin-Elmer GeneAmp 2400 (PE Applied Biosystems, Mississauga, Ontario, Canada) with one cycle at 94ЊC for 5 min, 36ЊC for 2 min and 72ЊC for 2 min, followed by 35 cycles at 94ЊC for 1 min, 37ЊC for 1 min and 72ЊC for 2 min and a final cycle at 72ЊC for 10 min. Reactions were carried out in 12·5-L volumes containing 1 × PCR buffer, 200 M of each dNTP, 0·5 M of primer, 0·5 unit of Tsg DNA polymerase (Biobasic, Scarborough, Ontario, Canada) and 1 L of genomic template DNA (12·5-25 ng). DNA amplification products were separated in 1·2% agarose gels. Fragments were visualized under 300 nm UV light after staining with ethidium bromide, and photographed. Reactions for each isolate by primer combination were performed at least twice.
Genetic distance analysis
The presence or absence of reproducible amplified DNA bands was determined for each isolate and scored as 1 or 0, respectively. Positional homology of amplified fragments was assumed, and only polymorphic bands were considered. Similarity coefficients (S) were calculated between isolates across bands for all primers using the formula S ¼ 2N xy / (N x þ N y ), where N x and N y are the number of fragments amplified in isolates x and y, respectively, and N xy is the number of bands shared by the two isolates (Nei & Li, 1979) . Similarity coefficients (S) were converted to genetic distance (D) using the equation
A genetic distance matrix of isolate by isolate was generated using the RAPD dataset and then used to construct a dendrogram with the UPGMA method in the Neighbor algorithm of the software package PHYLIP (version 3·55c, available from the website evolution. genetics.washington.edu). Analyses of variance were performed on pairwise distances between isolates of the same and different host species and between isolates of the same and different geographical origin.
Principal component analysis
The RAPD data were subjected to Principal Component Analysis using SAS ® PROC PRINCOMP and a 3-D graph was generated with PROC 3D. Principal component analysis is a multivariate procedure for examining relationships among several quantitative variables by deriving a smaller number of linear combinations (principal components) that retain as much of the information in the original data as possible (SAS Institute, 1990) .
Analysis of molecular variance
An analysis of molecular variance (AMOVA, Excoffier et al., 1992) was performed on the Euclidean distances between pairs of RAPD genotypes, to partition the total variance into same host species and different host species. In addition, analysis of variance of pairwise genetic distance between isolates (Nei & Li, 1979 ) was used to test whether isolates from the same host were more similar to each other than to isolates from different hosts. Further analysis of variance was conducted to reduce the effects of self-correlation by using only unique genotypes within each host cultivar.
Genetic diversity analysis
For haplotypic RAPD data, bands were considered as putative loci with absence or presence as alleles in order to calculate gene diversity using the following formulae (Nei, 1973 (Hartl & Clark, 1997) . The statistical significance of this G ST value was tested with a Monte Carlo simulation developed by Yir-Chung Liu (Peever et al., 1999) .
Results
Fifty isolates of S. homoeocarpa, including nine from tall fescue, 11 from perennial ryegrass and 10 each from annual bluegrass, creeping bentgrass and Kentucky bluegrass, were used in this study (Fig. 1) . Most isolates were from Guelph (28) and Cambridge (15) The diagonals represent the average similarity of isolates (top half) or genotypes (bottom half) within a host species. In an analysis of variance with all isolates, the average similarity between isolates from the same host (0·72) was significantly greater (P < 0·0001) than that between isolates from different hosts types (0·60). With unique haplotypes for each host species, significant differences (P < 0·001) in genetic similarity were found between same host (0·65) vs. different host (0·56). The upper half of the table was calculated with the full 50 isolate dataset, and the lower half was calculated using only unique genotypes for each host. The number of isolates or genotypes used in the calculation is shown following each host in parenthesis.
correcting for clones (i.e. using only unique genotypes), this difference was still significant (Table 1 ). An analysis of molecular variance of genetic distances among isolates found that of the total variation in genetic distances, 32·3% was attributed to host species differences, while 67·7% could be found among isolates within each host species. With only unique genotypes within each host species, the analysis revealed 24·0% of the variation was due to host species and 76·0% was due to differences among isolates within a host species. These values were significant at P < 0·001 and imply that host specialization was significant in these isolates. The RAPD data were also subjected to principal component analysis, and the first three axes accounted for 66·8% of the total variation among isolates (Fig. 2) . There was limited clustering of isolates by host species (Fig. 2) . Analysis of genetic differentiation based on frequencies of putative RAPD loci revealed strong (G ST ¼ 0·34) and statistically significant (P < 0·001) differences among isolates from the different host species, whereas mean gene diversity of isolates within a host species (H s ) varied from 0·03 for tall fescue to 0·42 for annual bluegrass (Table 2 ).
Discussion
Previous tests of host specialization with pathogens have often been conducted using inoculations of host tissues (e.g. Harrower, 1977; Heather et al., 1980; Hsiang & Edmonds, 1989; Resende et al., 1994) . Indirect methods have also been used to assess host specialization. The association of particular clonal isozymatic phenotypes with particular hosts has been used previously to demonstrate differences between isolates of Staphylococcus aureus from cows and humans, and hence to infer host specialization (Kapur et al., 1995) . DNA fingerprints based on repetitive sequences have been used to demonstrate differences between isolates of Pseudomonas syringae pv. syringae from stone fruits and other hosts, and also to infer host specialization (Little et al., 1998) . Weir et al. (1998) analysed genetic distances between isolates of Alternaria solani from potato or tomato using RAPD markers and found an interpopulation genetic distance of 0·23, which they interpreted as suggesting host specialization. Although there are many criticisms and limitations of RAPD data, RAPD markers have been Procedure Princomp, and the plot was generated by SAS ® 6·12 Procedure G3D and modified using Corel ® Presentations 7. P132-700  0·50  0·50  0·50  0·50  0·10  0·18  0·00  0·00  0·00  0·00  0·24  0·34  0·31  P132-620  0·00  0·00  0·40  0·48  0·00  0·00  0·09  0·17  0·00  0·00  0·13  0·18  0·27  P175-2000  0·50  0·50  0·10  0·18  0·20  0·32  0·00  0·00  0·00  0·00  0·20  0·27  0·26  P175-1500  0·50  0·50  0·10  0·18  0·20  0·32  0·00  0·00  0·00  0·00  0·20  0·27  0·26  P175-1200  0·30  0·42  1·00  0·00  0·70  0·42  1·00  0·00  1·00  0·00  0·17  0·32  0·48  P175-660  0·30  0·42  0·30  0·42  0·70  0·42  0·82  0·30  1·00  0·00  0·31  0·47  0·34  P175-520  0·30  0·42  0·00  0·00  0·70  0·42  0·82  0·30  0·89  0·20  0·27  0·50  0·46  P195-2000  0·30  0·42  0·00  0·00  0·00  0·00  0·55  0·50  0·00  0·00  0·18  0·28  0·35  P195-1900  0·60  0·48  0·40  0·48  0·00  0·00  0·45  0·50  0·00  0·00  0·29  0·41  0·29  P195-1700  0·90  0·41  0·50  0·25  0·20  0·23  0·55  0·19  0·00  0·02  0·22  0·34  0·33  P195-1550  1·00  0·40  0·70  0·22  1·00  0·24  0·91  0·22  1·00  0·02  0·22  0·34  0·34  P195-1050  0·40  0·44  0·70  0·19  0·00  0·26  0·91  0·22  0·00  0·03  0·23  0·35  0·34  P195-850  0·30  0·43  0·20  0·19  0·70  0·26  0·09  0·25  0·33  0·03  0·23  0·36  0·35  P157-1350  0·50  0·43  1·00  0·20  0·40  0·25  1·00  0·27  1·00  0·03  0·24  0·37  0·37  P157-1110  0·40  0·43  0·50  0·22  0·80  0·23  1·00  0·30  1·00  0·04  0·24  0·38  0·35  P157-1080  0·60  0·43  0·50  0·19  0·20  0·21  0·00  0·31  0·00  0·04  0·24  0·37  0·35  P157-770  0·70  0·43  0·70  0·22  0·20  0·19  0·09  0·31  0·00  0·02  0·23  0·36  0·34  P157-650  1·00  0·43  0·90  0·24  1·00  0·21  0·91  0·29  1·00  0·03  0·24  0·37  0·34  P149-2000  0·80  0·42  0·50  0·21  0·80  0·23  0·73  0·26  1·00  0·03  0·23  0·36  0·35  Mean  0·52  0·42  0·47  0·23  0·42  0·23  0·52  0·23  0·43  0·03  0·23  0·35  0·34 Of a total of 50 isolates, ten each were from annual bluegrass, creeping bentgrass and Kentucky bluegrass, while there were nine from tall fescue andfound to give the same results in genetic analysis of populations as RFLP, AFLP (amplified fragment length polymorphism) and microsatellite markers (Powell et al., 1996) , as well as isozyme markers (Isabel et al., 1995; Nadler et al., 1995) . According to Adams & Rieseberg (1998) , comigrating RAPD bands will be homologous for intraspecific comparisons, while the homology will be less between species and genera. Skroch & Nienhuis (1995) evaluated reproducibility and scoring error of RAPD markers and found that genetic distance estimates did not differ more than due to sampling error alone. Using RAPD data, UPGMA analysis, principal component analysis, genetic diversity analysis and genetic distance analysis were conducted to assess whether host specialization was present in isolates of S. homoeocarpa from five turfgrass hosts. From UPGMA analysis and principal component analysis, the occurrence of host specialization was not readily apparent. There was some clustering of isolates based on host species, but the significance of the clustering was not easily interpreted from either the dendrogram or the 3-D plot. Genetic diversity analysis indicated a statistically significant level of differentiation of isolates from the different host species. This demonstrates a statistically related advantage of this type of analysis over UPGMA and principal component analyses, which rely on visual differences in graphics. The strongest evidence for some degree of host specialization came from the analysis of genetic similarity among isolates. By grouping pairwise genetic distance among isolates based on their host species, and analysing for average distance within the same host species and among different host species, it was found that average distance within species was significantly less than that between species. An analysis of molecular variance of the genetic distances found that 32·3% of the total variation was attributable to differences among isolates from host species. It is concluded that these isolates of S. homoeocarpa showed a weak level of host specialization, which was not readily apparent by UPGMA or principal component analyses, but was revealed by genetic diversity analysis and statistical analysis of genetic distances among isolates. Inoculation tests on different host species and tests using a greater number of isolates are required to confirm the extent of specialization.
